One sentence summary: In Anabaena, the MazF toxin exhibits higher cellular toxicity compared to HicA and requires a higher molar ratio of the corresponding antitoxin for neutralisation. Editor: Sandhya Visweswariah
INTRODUCTION
Toxin-antitoxin (TA) system comprises a combination of a stable toxin and a labile antitoxin which inhibits the action of the toxin (Lobato-Márquez, Díaz-Orejas and García-Del Portillo 2016). These systems are assigned a wide variety of roles ranging from persistence to stabilisation of DNA (Goeders and van Melderen 2014) . The relative levels of the toxin and antitoxin molecules play a crucial role in inducing a bacteriostatic or bactericidal effect (Rotem et al. 2010) . Cyanobacteria exist in diverse environments (Beck et al. 2012) , and this could possibly be aided by the presence of TA systems as has been observed for other bacteria (Kopfmann, Roesch and Hess 2016) .
Several TA systems, which include 69 TA pairs and 7 stand-alone TA components, have been identified and characterised in the unicellular cyanobacterium, Synechocystis PCC6803 (Kopfmann, Roesch and Hess 2016) . In the filamentous cyanobacterium, Anabaena PCC7120, two TA systems have been The growth arrest induced by overexpression of Anabaena MazF (MazFa) in both Anabaena and Escherichia coli could be overcome by co-expression of the corresponding antitoxin MazEa indicating an active TA system, while its deletion had no effect on the viability of Anabaena (Ning et al. 2013) . The HicAB system, on the other hand, is unexplored in Anabaena. TA systems are likely to play a role in the multistress tolerance ability of Anabaena. This paper deals with a comparative analysis of the MazEF and HicAB systems of Anabaena in terms of their toxicity and neutralisation capabilities of the antitoxins.
MATERIALS AND METHODS

Cloning of Anabaena TA system genes in Escherichia coli
The ORFs corresponding to mazE (asl3212, 0.24 kb), mazF (all3211, 0.41 kb), hicA (asl5277, 0.29 kb) and hicB (all5276, 0.33 kb) were PCR amplified from Anabaena genomic DNA using gene specific primers (Table S1 , Supporting Information). These fragments were ligated to either (i) pET16b at NdeI-BamHI restriction sites to generate pETmazE, pETmazF, pEThicA and pEThicB plasmids, respectively ( (Table S2 , Supporting Information), and protein expression and growth studies were carried out in E. coli BL21(plysS)(DE3) cells (Table S2) , hereafter referred to as 'BL21'. Expression levels of the toxin and antitoxins in BL21 cells were quantified by western blotting and immunodetection using specific antibodies using the standard gels shown in Fig. S1 (Supporting Information). Protein expression from pAM1956-based plasmids remained constant throughout the growth period, while those from inducible plasmids reached maximal level at 1 h of induction and remained constant thereafter up to 4 h. The toxin expression levels were estimated to be (i) 
Growth experiments in Escherichia coli
Escherichia coli cultures were grown in Luria-Bertani (LB) medium with antibiotics [34 μg chloramphenicol mL −1 (Cm 34 ), 50 μg kanamycin mL −1 (Kan 50 ), 100 μg carbenicillin mL −1 (Cb 100 )] at 37
• C under shaking conditions. Growth was measured as optical density at 600 nm using 1 mL cells. The overnight grown cultures were used as inocula at 0.01 OD 600 for growth experiments. Expression of proteins from the genes cloned in pET16b or pET29b vector was induced upon the addition of IPTG and in pBAD24 vector by the addition of 0.1%-0.5% arabinose at 0.1 OD 600 , which has been indicated as time 'zero (0)' for all experiments. Survival was assessed in terms of colony forming units (cfu) on LB agar plates. All growth-related experiments were repeated at least three times using duplicates in each experiment, and the values from all these experiments were used to calculate the average and standard deviation for each data point presented in the graphs. A threshold of 1.5-fold change (paired t-test; P < 0.05) in growth between uninduced and induced cultures was considered as a significant change.
Overexpression and purification of Anabaena TA system proteins
The different Anabaena proteins were overexpressed in E. coli cells, either BL21 harbouring pET16b-based plasmids or ER2566 harbouring pTWIN-based plasmids, using 1 mM IPTG as an inducer. The different plasmids used are listed in Table 1 . Of the four proteins, only HicB, overexpressed in BL21 cells, was purified using Ni-NTA affinity chromatography with 250 mM imidazole. The other three proteins, owing to poor binding to Ni-NTA column, were expressed in ER2566 cells and purified using chitin-binding column by changing the pH of the 50 mM TrisHCl, 500 mM NaCl and 1 mM EDTA buffer from 8.5 to 6.5. Purified proteins were used to generate polyclonal antibodies commercially.
RESULTS
Bioinformatic analysis of Anabaena MazEF and HicAB systems
In the mazEF operon of Anabaena, the first gene codes for MazE antitoxin and the second gene codes for MazF toxin, while in hicAB operon it is reverse, wherein HicA is a toxin and HicB an antitoxin. Protein sequences of the two TA systems of Anabaena were compared with that of Escherichia coli using ClustalW program (https://npsa-prabi.ibcp.fr/cgi-bin/npsa automat.pl?page = /NPSA/npsa clustalw.html; Combet et al. 2000) . These Anabaena proteins bore significant homology with their cyanobacterial counterparts (http://genome.kazusa.or.jp/cyanobase), but exhibited lower homology with the corresponding E. coli proteins. In terms of number of amino acids (aa) constituting the protein, Anabaena toxins were longer than the corresponding E. coli toxins. Compared to E. coli MazF (111 aa), Anabaena MazF (146 aa) had an additional distinct stretch of 32 aa towards the N-terminus (Fig. 1A) . The two proteins exhibited 28.77% identity and 60.27% similarity. In Anabaena, HicA (98 aa) compared to E. coli HicA (60 aa) additional 18-20 aa were present at both Nand C-terminus (Fig. 1B) , and exhibited only 19.99% identity and 43.33% similarity. MazE antitoxin of Anabaena and E. coli were comparable in length (Fig. 1C) , 29.27% identical and 75.61% similar. Anabaena HicB antitoxin was smaller than E. coli HicB (Fig. 1D) , exhibiting only 12.23% identity and 47.48% similarity.
Effect of expression of Anabaena toxin and antitoxin proteins on growth of Escherichia coli
Escherichia coli BL21 cells harbouring the cloned Anabaena toxins (pETmazF, pET29mazF or pEThicA) or antitoxins (pETmazE, pBADmazE or pEThicB) were found to be viable under control or uninduced conditions (Fig. 2) . With the exception of BL21(pETmazF), their growth under control conditions was similar to that of BL21(pET16b) (data not shown), attaining ∼1.4-1.6 OD 600 from 0.1 OD 600 in 4 h at 37
• C (Fig. 2) . BL21(pETmazF) exhibited slower growth rate, attaining ∼1 OD 600 after 4 h ( Fig. 2A) . The lower growth rate of BL21(pETmazF) compared to BL21(pET29mazF) could be due to the observed leaky expression of MazF under control conditions in BL21(pETmazF) cells (data not shown). However, upon expression of the toxins the growth decreased by more than 4.5-fold ( Fig. 2A) , considered significant on the basis of a threshold value of 1.5-fold change (paired t-test; P < 0.05). The expression of MazF from BL21(pET29mazF), being lower than that in BL21(pETmazF), could account for higher growth of BL21(pET29mazF) after induction. Survival decreased from 1.04 ± 0.08×10 4 cfu mL −1 (at time '0') to 0 cfu mL −1 for BL21(pETmazF) cells, and from 1.048 ± 0.09×10 6 cfu mL −1 at time '0' to 8.87 ± 0.11×10 3 cfu mL −1 while for BL21(pEThicA), it decreased after 1 h of induction, indicating higher lethality for MazF.
Induced overexpression of MazE with 1 mM IPTG resulted in the cells attaining an early stationary phase at ∼0.5 OD 600 mL −1 within 2 h of induction, while that of HicB resulted in a slow logarithmic growth throughout the induction period compared to uninduced cultures (Fig. 2B) . This difference was reflected in cell viability as well, with that of BL21(pETmazE) decreasing from 1.54 ± 0.13×10 6 cfu mL −1 at time '0' to 4.01 ± 0.69×10 4 cfu mL
and <10 cfu/mL after 1 and 3 h of induction. On the other hand, in case of BL21(pEThicB), it increased from 1.22 ± 0.09×10 6 cfu mL −1 at time '0' to 2.512 ± 0.13×10 6 cfu mL −1 after 1 h, and then decreased to 4.15 ± 0.13×10 5 cfu mL −1 after 3 h of induction.
However, on lowering the expression of MazE by regulating its expression under the control of arabinose-inducible promoter as in pBADmazE, the growth of E. coli cells was not inhibited (Fig. 2B ).
To assess if the growth inhibitory effect of Anabaena toxins was dependent on the growth phase of the cultures prior to addition of IPTG, toxin expression was induced in early, mid and late-logarithmic phase cultures, and grown for 7 h from the time of inoculation. The growth rate of BL21(pETmazF) cultures was higher when MazF expression was induced during midlogarithmic phase compared to late-lag phase (Fig. 3A) . The reverse was found to be true for BL21(pEThicA), wherein the lag period was longer when HicA expression was induced in midlogarithmic phase cultures (Fig. 3B) .
Effect of coexpression of antitoxin and toxin on Escherichia coli growth
To assess the ability of antitoxin to reverse the growth inhibitory effect of the corresponding toxin, antitoxin was coexpressed with the toxin in E. coli cells. Toxin was expressed from IPTGinducible vectors, and antitoxin either constitutively expressed from pAM1956-based vector (under the control of psbA1 promoter) or induced with arabinose using pBADmazE plasmid. MazE antitoxin could only marginally alleviate the growth inhibition caused by MazF expression (Fig. 4A and B) , when the levels of the MazF were higher than those of MazE, by about 10-fold in BL21(pETmazF + pAMmazE) cells (Fig. 4A ) and 2-fold in BL21(pET29mazF + pBADmazE) cells induced with 0.5% arabinose (Fig. 4B) . To ascertain if lowering the expression of MazF would ensure its neutralisation, the expression of MazF from pETmazF plasmid was induced with 0.01 mM IPTG resulting in 10-fold lower expression i.e. ∼0.12-0.14 μg MazF mL −1 cells. This resulted in a significant reversion of growth inhibition caused by the MazF toxin (Fig. 4A) . At IPTG concentrations ≥0.02 mM, the concentration of MazF accumulated was higher than 0.2 μg MazF mL −1 , and the resulting growth inhibition could not be alleviated by coexpression of MazE (data not included). The bacteriostatic effect of HicA toxin was significantly alleviated upon Table 1, Table S2 ) at 37
• C till OD600 of ∼0.1 was reached. Induction of the proteins corresponding to genes cloned in pET16b or pET29b was carried out by the addition of 1 mM IPTG (I), and that in pBAD24 by the addition of 0.1% (0.1A), 0.2% (0.2A) or 0.5% (0.5A) arabinose as indicated. The growth of these cultures was compared with that of their respective uninduced (or control) cultures over a 4 h period after induction. The ( * ) mark at 4 h time point for MazF and HicA induction in Fig. 2A , and MazE induction in Fig. 2B, indicates the values at which the difference between uninduced and induced culture was considered significant (1.5-fold threshold; paired t-test; P < 0.05). Overexpression of the proteins was confirmed by western blotting and immunodetection using corresponding antibodies, and has been shown in the inset. early-log phase, I2: mid-log phase and I3: late-log phase. Growth was measured as OD600 for about 7 h from the time of initial inoculation for the control or uninduced (UI) cultures, or cultures induced with at different phases of growth.
coexpression of the HicB antitoxin (Fig. 4C) , despite the antitoxin HicB levels being 10-fold lower than that of the HicA toxin.
DISCUSSION
Of the two TA systems, the MazEF system has been more widely studied than the HicAB system in bacteria. Although both the toxins MazF and HicA act as endoribonucleases, MazF specifically recognises the 'ACA' sequence in mRNA and cleaves at the 3 end of the first 'A' in a ribosome-independent manner (Zhang et al. 2005) . The HicA, on the other hand, has a dsRNA binding domain, thereby inducing cleavage of the RNA (Makarova, Grishin and Koonin 2006) . Bacteriostasis induced upon overexpression of the toxin, MazF or HicA could be reversed upon coexpression of the corresponding antitoxin MazE and HicB (Pedersen, Christensen and Gerdes 2002; Jorgensen et al. 2009 ).
However, the involvement of MazF in programmed cell death and not just bacteriostasis has also been debated (Amitai, Yassin and Engelberg-Kulka 2004) . Although a comparison of the toxicity of the two toxins is not available for any bacterial systems, the HicA of Streptococcus has been shown to be less toxic as the hicB mutant is viable (Xie, Qi and Merritt 2013) . Growth inhibition by Anabaena MazF was higher than that by HicA as evidenced by (i) insignificant growth of Escherichia coli BL21 cells post induction of MazF (Figs 2A and 3) as against revival of growth after a long lag phase upon induction of HicA (Figs 2A and 3) , (ii) 100-fold lower cfus per OD 600 of BL21(pETmazF) compared to BL21(pEThicA) under control conditions, and (iii) complete loss of cell viability within 1h of expression of MazF as against >10 3 cfu/mL obtained with HicA overexpression. It was also observed that one week-old BL21(pETmazF) cells maintained at either 4
• C or -70
• C exhibited a lag period of about 6 h as compared to only 2 h for fresh transformants of BL21(pETmazF), while BL21(pEThicA) cells could be maintained for months without any loss of viability or deficiency in growth (Fig. S2 ). This is also indicative of higher toxicity of Anabaena MazF compared to HicA. Actively growing E. coli cells were found to be better equipped to deal with the toxicity of Anabaena MazF compared to HicA in terms of their growth rate (Fig. 3) . Though, a growth phase-dependent toxicity of bacterial toxins have not been reported so far, cell growth inhibitory effect was more pronounced with increasing cell density for RelE (Tashiro et al. 2012) and HipA (Butt et al. 2013) toxins. The toxicity of the Anabaena toxins was comparatively higher than that reported for these proteins across the bacterial system. Role of the use of a heterologous system for analysis in the observed higher toxicity, however, cannot be ruled out. Anabaena toxins were longer in length compared to most bacterial toxins, and this was due to the presence of stretches of extra amino acids ( Fig. 1A and B) . The possible contribution of the additional amino acids to the activity of Anabaena toxins needs to be analysed. The increase in cell density (Fig. 4) and an ∼1000-fold increase in cfus upon coexpression of the corresponding antitoxin in E. coli cells overexpressing the Anabaena toxin suggested a bacteriostatic rather than bactericidal effect of Anabaena toxins, as has been reported for other bacterial toxins of TA modules as well (Goeders and van Melderen 2014) . The differences in the activity of Anabaena MazF and HicA proteins was not only restricted to their differential toxicity, but also the ability of the corresponding antitoxins to neutralise their toxic effect. HicB antitoxin could alleviate the growth inhibitory effect of HicA even at 10-fold lower concentrations (Fig. 4C) . On the other hand, MazE antitoxin could do so only when its concentrations were comparable to that of the MazF toxin (Fig. 4A) , and only partially at lower concentrations (Fig. 4B) . The ability of Anabaena MazE to neutralise the growth inhibition induced by expression of MazF has been reported earlier (Ning et al. 2013) ; however, the ratio of the two proteins at which MazF is neutralised has not been demonstrated in Anabaena.
Type II toxins are inactivated upon binding with their corresponding antitoxin molecule (Pedersen, Christensen and Gerdes 2002) . Crystal structure analysis revealed the formation of a hexameric complex, MazF 2 -MazE 2 -MazF 2 in E. coli (Kamada, Hanaoka and Burley 2003) , and the binding of a HicB3 tetramer to two HicA3 monomers in Yersinia pestis (Bibi Triki et al. 2014) , suggesting the TA ratio to be 1:0.5 for MazEF and 1:2 for HicAB systems. However, E. coli growth inhibition data revealed a TA ratio of 1:1.9 and 1:0.08 for Anabaena MazEF and HicAB systems, respectively, which needs to be validated by structural data of Anabaena MazEF and HicAB complexes. The requirement respectively) after attaining OD600 of 0.1. Growth was measured in terms of OD600 at the end of 4 h of induction. The ( * ) mark on the bar graphs indicates the values at which the difference in growth between cultures expressing only toxin and those expressing both toxin and antitoxin was considered significant (1.5-fold threshold; paired t-test; P < 0.05).
of more number of MazE antitoxin molecules per MazF toxin molecule in Anabaena as compared to that reported for E. coli on the basis of crystal structure (Kamada, Hanaoka and Burley 2003) could be due to the high toxicity of Anabaena MazF necessitating a different complexation with MazE for effective inactivation. Although each HicB3 dimer of the tetrameric HicB3 protein can inactivate a HicA3 monomer (Bibi Triki et al. 2014) , it has not been reported if multiple HicA molecules can be inactivated by the HicB tetramer, while maintaining the molecular ratio of 1:2 for HicA:HicB. The ability of Anabaena HicB to neutralise the toxicity of Anabaena HicA expressed at much higher molar concentrations is indicative of the possibility of multiple inactivation of HicA molecules by a single HicB unit. The comparative data of MazEF and HicAB systems of Anabaena thus reveal that both these systems are very distinct in Anabaena, and pave the way for analysing these systems for their physiological role in Anabaena.
